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(57) A camless intake/exhaust valve for an internal 
combustion engine that is controlled by a solenoid ac- 
tuated fluid control valve. The control valve has a pair 
of solenoids that move a spool. Energizing one solenoid 
moves the spool and valve into an open position. The 
valve spool is maintained in the open position by the re- 
sidual magnetism of the steel valve housing and spool 
even when power is no longer provided to the solenoid. 
Energizing the other solenoid moves the spool and 
valve to a closed position without providing a de-mag- 
netizing force to the first solenoid. The solenoids are dig- 
itally latched by short digital pulses provided by a micro- 
controller. The valve is therefore opened by providing a 
digital pulse of a short duration to one of the solenoids 
and closed by a digital pulse that is provided to the other 
solenoid. 




CL 
LU 



FIG. 1 



Printed by Jouve, 75001 PARIS (FR) 



1 



EP 1 245 798 A2 



2 



Description 

BACKGROUND OF THE INVENTION 

1 . FIELD OF THE INVENTION 

[0001 ] The present invention relates to a hydraulically 
controlled intake valve for an internal combustion en- 
gine. 

2. DESCRIPTION OF RELATED ART 

[0002] Internal combustion engines contain an intake 
valve and an exhaust valve for each cylinder of the en- 
gine. In a compression ignition (CI) engine the intake 
valve allows air to flow into the combustion chamber and 
the exhaust valve allows the combusted air/fuel mixture 
to flow out of the chamber The timing of the valves must 
correspond to the motion of the piston and the injection 
of fuel into the chamber. Conventional CI engines incor- 
porate cams to coordinate the timing of the valves with 
the piston and the fuel injector. Cams are subject to wear 
which may affect the timing of the valves. Additionally, 
cams are not amenable to variations in the valve timing 
during the operation of the engine. 
[0003] U.S. Patent No. 5,125,370 issued to Kawamu- 
ra; U.S. Patent No. 4,715,330 issued to Buchl and U.S. 
Patent No. 4,715,332 issued to Kreuter disclose intake 
valves that are controlled by solenoids. Each valve is 
moved between an open position and a closed position 
by energizing the solenoids. The amount of power re- 
quired to actuate the solenoids and move the valves is 
relatively large. The additional power requirement re- 
duces the energy efficiency of the engine. 
[0004] U.S. Patent Nos. 4,200,067 and 4,206,728 is- 
sued toTrenne; U.S. Patent Nos. 5,248,123, 5,022,358 
and 4,899,700 issued to Richeson; U.S. Patent No. 
4,791 ,895 issued to Tittizer; U.S. Patent No. 5,237,968 
issued to Miller et al. and U.S. Patent No. 5,255,641 is- 
sued to Schechter all disclose hydraulically controlled 
intake valves. The hydraulic fluid is typically controlled 
by a solenoid control valve. The solenoid valves de- 
scribed and used in the prior art require a constant sup- 
ply of power to maintain the valves in an actuating po- 
sition. The continuous consumption of power reduces 
the energy efficiency of the engine. Additionally, the so- 
lenoid control valves of the prior art have been found to 
be relatively slow thus restricting the accuracy of the 
valve timing. It would therefore be desirable to provide 
a cam less intake valve that was fast and energy effi- 
cient. 

[0005] The exhaust valve of a internal combustion en- 
gine is opened for the exhaust stroke of the engine cy- 
cle. Before the exhaust valve is opened, there is a dif- 
ferential pressure across the valve equal to the differ- 
ence between the pressure of the exhaust gas within 
the combustion chamber and the pressure within the ex- 
haust manifold. The force required to open the valve 



must be large enough to overcome this differential pres- 
sure. When the valve is initially opened, the exhaust gas 
flows out of the combustion chamber and rapidly reduc- 
es the pressure within the chamber. After the exhaust 
5 valve is initially opened, the force that continues to open 
the valve is generally must larger than the energy re- 
quired to overcome the gas pressure within the cham- 
ber. This additional work ultimately lowers the energy 
efficiency of the engine. The lost energy can be signifi- 
cant when multiplied by the number of exhaust strokes 
performed by an engine. It would therefore be desirable 
to provide an exhaust valve assembly that optimizes the 
opening force of the valve. 

SUMMARY OF THE INVENTION 

[0006] The present invention is a camless intake/ex- 
haust valve for an internal combustion engine that is 
controlled by a solenoid actuated fluid control valve. The 
control valve has a pair of solenoids that move a spool. 
Energizing one solenoid moves the spool and valve into 
an open position. The valve spool is maintained in the 
open position by the residual magnetism of the valve 
housing and spool even when power is no longer pro- 
vided to the solenoid. Energizing the other solenoid 
moves the spool and valve to a closed position. The so- 
lenoids are digitally latched by short digital pulses pro- 
vided by a microcontroller The valve is therefore 
opened by providing a digital pulse of a short duration 
to one of the solenoids and closed by a digital pulse that 
is provided to the other solenoid. The valve may be 
opened by a plurality of pins. One of the pins may en- 
gage a stop so that the valve is initially opened with a 
relatively high force and then moved into the fully 
opened position with a lower force. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The objects and advantages of the present in- 
vention will become more readily apparent to those or- 
dinarily skilled in the art after reviewing the following de- 
tailed description and accompanying drawings, where- 
in: 

Figure 1 is a cross-sectional view of a camless in- 
take valve of the present invention; 
Figure 2 is a side cross-sectional view showing the 
solenoid control valve of the intake valve; 
Figure 3 is a cross-sectional view of the intake valve 
in an open position; 

Figure 4 is a cross-sectional view of an alternate 
embodiment of an intake valve with a four-way so- 
lenoid control valve; 

Figure 5 is a side cross-sectional view of an alter- 
nate embodiment of an intake valve with a pair of 
digitally latched solenoids; 
Figure 6 is a side cross-sectional view of an alter- 
nate embodiment of an intake valve with a plurality 
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of pins that open the valve; 
Figure 7 is a cross-sectional view similar to Fig. 6, 
showing one of the pins engaging a stop; 
Figure 8 is a side cross-sectional view of an alter- 
nate embodiment of the intake valve of Fig. 6, show- 
ing a four-way actuating valve. 

DETAILED DESCRIPTION OF THE INVENTION 

[0008] Referring to the drawings more particularly by 
reference numbers, Figure 1 shows a valve assembly 
10 of the present invention. The valve assembly 10 is 
typically incorporated into an internal combustion en- 
gine as either an intake or exhaust valve. The assembly 
1 0 has a valve 12 that includes a seat 14 located at the 
end of a valve stem 1 6. The seat 14 is located within an 
opening 18 in the internal combustion chamber of the 
engine. The valve 12 can move between an open posi- 
tion and a closed position. The assembly 1 0 may include 
a spring 20 that biases the valve 12 into the closed po- 
sition. 

[0009] The assembly 1 0 may include a barrel 22 that 
is coupled to a valve housing 24 by an outer shell 26. 
The valve housing 24 has a first port 28 that is connected 
to a pressurized working fluid. For example, the first port 
28 may be coupled to the output line of a pump (not 
shown). The housing 24 also has a second port 30 con- 
nected to a low pressure line. For example, the second 
port 30 may be coupled to a reservoir of the working fluid 
system. The working fluid may be engine fuel or a sep- 
arate hydraulic fluid. 

[001 0] The barrel 22 has a pressu re chamber 32 that 
is coupled to a first passage 34 in the valve housing 24. 
The end of the valve stem 16 is located within the pres- 
sure chamber 32. When a high pressure working fluid 
is introduced to the chamber 32, the resultant fluid force 
pushes the stem 16 and the valve 12 into the open po- 
sition. The stem 16 may have a stop 36 that limits the 
travel of the valve 12. The barrel 22 and valve housing 
24 may have a drain passage 38 in fluid communication 
with the second port 30. The passage 38 drains any 
working fluid that leaks between the stem and the barrel 
back to the system reservoir. 

[0011] As shown in Figure 2, the assembly has a 
spool 40 that is coupled to a first solenoid 42 and a sec- 
ond solenoid 44. The flow of working fluid through the 
passage 34, and ports 28 and 30 are controlled by the 
position of the spool 40. When the first solenoid 42 is 
energized, the spool 40 is moved into a first position, 
wherein the first port 28 is in fluid communication with 
the pressure chamber 32. When the second solenoid 44 
is energized, the spool 40 is moved to a second position, 
wherein the second port 30 is in fluid communication 
with the pressure chamber 32. 
[0012] The solenoids 42 and 44 are connected to a 
microcontroller 46 that controls the operation of the 
valve. The controller 46 energizes each solenoid with a 
short digital pulse. The spool 40 and valve housing 24 



are preferably constructed from a magnetic material 
such as a 521 00 or 440c hardened steel. The magnetic 
material has a hysteresis which will maintain the spool 
40 in position even after power to the solenoid is termi- 

5 nated. The spool 40 is moved to a new position by en- 
ergizing one solenoid with a short duration digital pulse. 
There is no power provided to the solenoid to maintain 
the position of the spool 40. The residual magnetism will 
maintain the position of the spool 40. 

10 [0013] In operation, to open the valve 12, the control- 
ler 46 energizes the first solenoid 42 and moves the 
spool 40 to the first position. Movement of the spool 40 
couples the high pressure first port 28 with the pressure 
chamber 32, wherein the high pressure working fluid 

*5 pushes the valve 1 2 into the open position. To close the 
valve, the controller 46 provides a digital pulse to the 
second solenoid 44 to move the spool 40 to the second 
position and couple the pressure chamber 32 to the re- 
turn line of the second port 30. The spring 20 moves the 

20 valve 12 back into the closed position. 

[0014] The assembly 10 may have a sensor 48 that 
is coupled to the valve 12. The sensor 48 provides an 
indication on the position of the valve 1 2. The sensor 48 
may be a Hall Effect sensor which provides an output 

25 voltage that varies with the distance from the valve stem 
to the sensing device. The sensor 48 provides feedback 
so that the controller 46 can accurately open and close 
the valve. Additionally, it may be desirable to move the 
valve to a location between the open and closed posi- 

30 tions. For example, when braking an engine it is typically 
desirable to maintain the exhaust valve in a slightly open 
position during the power stroke of the engine. The con- 
troller 46 can move the spool 40 between the first and 
second positions so that the valve is in an intermediate 

35 position. 

[001 5] Figure 4 shows an alternate embodiment of an 
assembly that does not have a spring 20 and utilizes a 
digitally latched four-way control valve 60. The valve 60 
has a supply port 62 and a return port 64. The valve 60 

40 contains a spool 66 that is controlled by solenoids 68 
and 70. The valve stem 72 has a piston 74 that creates 
a first subchamber 76 and a second subchamber 78. 
When the spool 62 is in the first position, the supply port 
62 is in fluid communication with the first subchamber 

^5 76 and the return port 64 is in fluid communication with 
the second subchamber 78, wherein the high pressure 
working fluid pushes the valve into the open position. 
When the spool 60 is moved into the second position 
the supply port 62 is in fluid communication with the sec- 

50 ond subchamber 78 and the return port 64 is in fluid 
communication with the first subchamber 76, wherein 
the high pressure working fluid within the second sub- 
chamber 78 pushes the valve back to the closed posi- 
tion. Generally speaking, the four-way valve provides a 

55 more accurate control of the valve than a spring return 
valve which has an inherent time delay for the working 
fluid to overcome the force of the spring when the valve 
is being opened. The four-way valve embodiment 
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shown in Fig. 4 ; can also be used to move the valve 12 
to an intermediate position between the open and 
closed positions. 

[001 6] Figure 5 shows another alternate embodiment 
of an intake valve 100 which has a pair of digitally 
latched solenoids. The valve has a first solenoid 1 02 and 
a second solenoid 104 that are each energized by a 
short duration digital pulse. The solenoids 102 and 104 
are located within a housing 106 that has a main body 
108 and a pair of end caps 110 and 112. The housing 
106 also has a non-magnetic base member 114. 
[0017] The valve stem 1 1 6 is coupled to an armature 
118 by a spring subassembly 120. The subassembly 
120 contains a spring 122 that is captured by a pair of 
collars 124 and 126. The collars 124 and 126 are cap- 
tured by the armature 1 1 8. Collar 1 24 is attached to the 
valve stem 116 by a clip 128. The armature 118, and 
end caps 110 and 112 are constructed from a magnetic 
material that has enough residual magnetism to main- 
tain the position of the valve In either an open or closed 
position. The spring 122 can be deflected to allow the 
armature 118 to come into contact with the end caps. 
[0018] In operation, the valve can be moved to the 
open position by actuating the second solenoid 1 04. The 
valve can be closed by actuating the first solenoid 1 02. 
In addition to allowing contact between the armature 1 1 8 
and the end caps 110 and 112, the spring 122 also 
dampens the impact of the valve movement and pro- 
vides stored energy to move the armature 118 away 
from the end caps. 

[0019] Figure 6 shows an alternate embodiment of a 
valve assembly 150. The assembly 150 includes a first 
pin 1 52 and a pair of second pins 1 54 that push a valve 
156 into an open position. The pins 152 and 154 press 
against a valve collar 158 that is attached to said valve 
1 56. The valve collar 1 58 captures a spring 1 60 that bi- 
ases the valve 156 into a closed position. In the pre- 
ferred embodiment, the first pin 1 52 has an area approx- 
imately four times larger than the combined area of the 
second pins 154. 

[0020] The first pin 152 is located within a pressure 
chamber 162 of a valve housing 164. The pressure 
chamber 162 is in fluid communication with a control 
valve 166. Fluid communication between the pressure 
chamber 1 62 and the valve 166 may be provided by a 
one-way check valve 1 68 that allows flow into the cham- 
ber 1 62, and an orifice 1 70 that restricts the flow of fluid 
out of the pressure chamber 1 62. The second pins 1 54 
are located within channels 1 72 that are in fluid commu- 
nication with the control valve 166. The valve housing 
1 64 has a stop 1 74 that limits the movement of the first 
pin 152 so that the valve 156 is initially opened by all of 
the pins 1 52 and 154, and then further opened only with 
the second pins 154. 

[0021] The control valve 166 has a pair of cylinder 
ports 1 80 that are both coupled to the pressure chamber 
1 62 and channels 1 72. The valve 1 66 also has a single 
supply port 182 that is coupled to a source of pressu- 



rized fluid and a pair of return ports 184 each coupled 
to a drain line. The valve 166 can be switched between 
a first position that couples the cylinder ports 1 80 to the 
supply port 182 to allow fluid to flow into the pressure 
5 chamber 1 62 and channels 1 72, and a second position 
that couples the cylinder ports 180 to the return ports 
1 84 to allow fluid to flow out of the pressure chamber 
162 and channels 172. 

[0022] The valve 1 66 contains a spool 1 86 that moves 

10 within the inner chamber 188 of a housing 190. Within 
the housing 190 is a first solenoid 192 that can pull the 
spool 1 86 to the first position and a second solenoid 1 94 
that can move the spool 1 86 to the second position . The 
solenoids 192 and 194 are connected to an external 

*5 power source which can energize one of the solenoids 
to move the spool 1 86 to the desired position. 
[0023] In the preferred embodiment, both the housing 
1 90 and the spool 1 86 are constructed from a magnetic 
steel such as 440c or 521 00. The hysteresis of the mag- 

20 netic steel is such that the magnetic field within the spool 
1 86 and the housing 1 90 will maintain the position of the 
spool 1 86 even when the solenoid is de-energized. The 
magnetic steel allows the valve to be operated in a dig- 
ital manner, wherein one solenoid is energized for a pre- 

25 determined time interval until the spool 1 86 is adjacent 
to an inner surface of the housing 1 90. Once the spool 
186 has reached the new position, the solenoid is de- 
energized, wherein the hysteresis of the magnetic steel 
material maintains the position of the spool 186. 

30 [0024] The spool 186 has outer grooves 196 that cou- 
ple the cylinder ports 180 to either the supply port 182 
or the return ports 184. The cylinder ports 180 are locat- 
ed on each side of the supply port 182 to dynamically 
balance the valve 1 66 when the spool 1 86 is moved from 

35 the first position to the second position. The fluid flowing 
through the cylinder ports has an associated resultant 
force that is applied to the spool 186. Placing the ports 
1 80 on each side of the supply port 1 82 produces re- 
sultant fluid forces that are applied to the spool 186 in 

40 opposite directions. The opposing forces offset each 
other so that the fluid forces do not counteract the pulling 
force of the solenoid 1 92 on the spool 1 86. Likewise, the 
return ports 1 84 are located on each side of the cylinder 
ports 1 82 so that the resultant forces created by the fluid 

45 flowing through the return ports cancel each other, 
thereby preventing a counteracting force from impeding 
the pulling force of the solenoid 194. The port locations 
of the valve thus provide a fluid control valve that is dy- 
namically pressure balanced. Balancing the spool 186 

50 increases the response time of the valve and reduces 
the energy required by the solenoids to pull the spool 
1 86 from one position to another. 
[0025] The spool 186 has an inner channel 198 and 
a pair of end openings 200 that are in fluid communica- 

55 tion with the inner chamber 1 88 of the housing 1 90. The 
end openings 200 and inner channel 198 allow fluid 
within the inner chamber 1 88 to flow away from the end 
of the spool 1 86, when the spool 1 86 is pulled to a new 
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position. By way of example, when the second solenoid 
1 94 pulls the spool 1 86 toward the housing 1 90, the fluid 
located between the end of the spool 1 86 and the hous- 
ing 1 90 flows into the inner channel 1 98 through the end 
opening 200. The flow of fluid prevents a build-up of hy- 
drostatic pressure which may counteract the pull of the 
solenoid. The inner channel 1 98 and end openings 200 
thus statically pressure balance the spool 186. 
[0026] The valve 1 66 may have a pressure relief valve 
202 that releases fluid when the fluid pressure within the 
inner chamber 1 88 exceeds a predetermined value. The 
relief valve 202 may have a ball 204 that is biased into 
a closed position by a spring 206. The relief valve 202 
may also have an insert 208 with an outlet port 21 0. The 
ends of the spool and the inner surface of the housing 
may have chamfered surfaces 21 2 to increase the vol- 
ume of the inner chamber 188 between the spool 186 
and the housing 190 and reduce the hydrostatic pres- 
sure within the valve 166. 

[0027] In operation, a digital pulse is provided to the 
control valve 166 to switch the valve 166 and allow a 
pressurized working fluid to flow into the pressure cham- 
ber 1 62 and channels 1 72. The pressurized fluid exerts 
a force onto the pins 152 and 154 which push the valve 
156 into the open position. 

[0028] As shown in Figure 7, the stop 174 prevents 
further movement of the first pin 152 while the second 
pins 154 continue to push the valve 156 into the fully 
opened position. To close the valve 156, a digital pulse 
is provided to switch the control valve 1 66 to couple the 
pressure chamber 1 62 and channels 172 to drain. The 
force of the spring 1 60 pushes the valve back to the 
closed position. The orifice 1 70 restricts the flow of work- 
ing fluid out of the pressure chamber 162 and reduces 
the speed of the valve 156 back to the closed position. 
The orifice 170 provides a damping function which pre- 
vents the valve 156 from "banging" against the valve 
seat. The damping of the valve reduces the wear and 
increases the life of the valve seat 214. 
[0029] The dual pin valve assembly 1 50 is particularly 
desirable for use as an exhaust valve. During the ex- 
haust stroke of an internal combustion engine the pres- 
sure within the combustion chamber 216 is relatively 
high. The work provided by the hydraulic fluid must be 
great enough to overcome the combustion chamber 
pressure and open the valve. When the valve 150 is in- 
itially opened, the exhaust gases within the combustion 
chamber flow out into the exhaust manifold 218. The 
flow of exhaust gas into the exhaust manifold 21 8 rapidly 
reduces the pressure within the combustion chamber 
216. Because of the lower combustion chamber pres- 
sure and the momentum of the valve, the hydraulic fluid 
does not have to provide as much work to continue to 
open the valve 156. 

[0030] The effective area and resulting forces provid- 
ed by the hydraulic fluid onto the pins is reduced when 
the first pin 1 52 reaches the stop 1 74. Consequently the 
work provided by the hydraulic fluid is lowered after the 



valve 156 is initially opened. The valve assembly of the 
present invention thus reduces the work and increases 
the energy efficiency of the engine. Although each in- 
cremental reduction of work during one exhaust stroke 
5 is relatively small, when multiplied by the number of 
strokes during the operation of an engine the resultant 
increase in energy efficiency can be relatively signifi- 
cant. 

[0031 ] Figure 8 is an alternate embodiment of a valve 
*o assembly which has a four-way control valve 1 66*. The 
control valve 1 66' is connected to the pressure chamber 
162 and channels 172, and a return chamber 220. The 
return chamber 220 receives pressurized working fluid 
that pushes the valve 156 back to the closed position. 
*5 in operation, the valve 156 is switched to couple the 
pressure chamber 162 and channel 172 to the high 
pressure fluid, and the return chamber 220 to drain. The 
pressurized working fluid exerts a force on the pins 152 
and 1 54 which move the valve 1 56 to the open position. 
The control valve 1 66' is then switched to connect the 
return chamber 220 to the pressurized working fluid, and 
the pressure chamber 162 and channels 172 to drain. 
The working fluid within the return chamber 220 pushes 
the valve 156 back to the closed position. The control 
valve '166 is preferably dynamically and statistically 
pressure balanced to increase the valve speed and re- 
duce the energy consumed by the valve. 
[0032] While certain exemplary embodiments have 
been described and shown in the accompanying draw- 
ings, it is to be understood that such embodiments are 
merely illustrative of and not restrictive on the broad in- 
vention, and that this invention not be limited to the spe- 
cific constructions and arrangements shown and de- 
scribed, since various other modifications may occur to 
those ordinarily skilled in the art. 



Claims 

1 . A valve assembly (1 0) for an internal combustion 
engine, comprising: 

a steel valve housing (24) that has a pressure 
chamber (32), a first port (28) that is coupled to 
a source of pressurized fluid and a second port 
(30) that is coupled to a drain; 
a spool (40) that can move from a first position 
wherein said first port (28) is in fluid communi- 
cation with said pressure chamber (32) : and a 
second position wherein said second port (30) 
is in fluid communication with said pressure 
chamber (32); 

a first solenoid (42) that is energized by a first 
digital pulse to move and latch said spool (40) 
to the first position; 

a second solenoid (44) that is energized by a 
second digital pulse to move and latch said 
spool (40) to the second position and, 
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a valve (12) that moves between an open po- 
sition and a closed position , said valve (1 2) be- 
ing coupled to said pressure chamber (32) so 
that said valve (12) is moved to the open posi- 
tion when said first solenoid (42) is energized 5 
and said spool (40) moves to the first position, 
and said valve (12) is moved to the closed po- 
sition when said second solenoid (44) is ener- 
gized and said spool (40) moves to the second 
position. w 

2. The valve assembly (1 0) as recited in claim 1 , fur- 
ther comprising a controller (46) that provides said 
digital pulses to said first solenoid (42) and said sec- 
ond solenoid (44) to move said spool (40) between 15 
the first and second positions. 

3. The valve assembly (1 0) as recited in claim 1 or 2, 
further comprising a spring (20) that moves said 
valve (12) to a closed position when said second 20 
port (30) is in fluid communication with said pres- 
sure chamber (32). 

4. The valve assembly (1 0) as recited in claim 2 or 3, 
further comprising a sensor (48) which can sense a 25 
position of said valve (12). 

5. The valve assembly (10) as recited in claim 2, 
wherein said controller (46) energizes said sole- 
noids (42, 44) to move said valve (1 2) to a position 30 
between the open position and the closed position. 

6. A method for moving an intake valve (1 2) of an in- 
ternal combustion engine, comprising: 

35 

sending a digital pulse to a first solenoid (42) to 
open the intake valve (12); 
terminating said digital pulse wherein the intake 
valve (12) remains in the open position; 
sending a digital pulse to a second solenoid *o 
(44) to close the intake valve (12) and, 
terminating said digital pulse wherein the intake 
valve (12) remains in the closed position. 

7. A method for moving an intake valve (1 2) of an in- 45 
ternal combustion engine, comprising: 

sensing a position of the intake valve (12); 
sending a digital pulse to a first solenoid (42) to 
open the intake valve (12) toward an interme- so 
diate position; 

terminating said digital pulse; 
sending a digital pulse to a second solenoid 
(44) to close the intake valve (12) toward the 
intermediate position without providing a de- 55 
magnetizing force to said first solenoid; and, 
terminating said digital pulse. 
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(54) A hydraulic actuator for an internal combustion engine 



(57) A camless intake/exhaust valve for an internal 
combustion engine that is controlled by a solenoid ac- 
tuated fluid control valve. The control valve has a pair 
of solenoids that move a spool. Energizing one solenoid 
moves the spool and valve into an open position. The 
valve spool is maintained in the open position by the re- 
sidual magnetism of the steel valve housing and spool 
even when power is no longer provided to the solenoid. 
Energizing the other solenoid moves the spool and 
valve to a closed position without providing a de-mag- 
netizing force to the first solenoid. The solenoids are dig- 
itally latched by short digital pulses provided by a micro- 
controller. The valve is therefore opened by providing a 
digital pulse of a short duration to one of the solenoids 
and closed by a digital pulse that is provided to the other 
solenoid. 
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